Background: Calcium-binding proteins regulate calcium dynamics and downstream signaling events. Results: Increasing the calcium buffering capacity of the nucleus alters the expression of genes that regulate neuronal architecture. Conclusion: The nuclear calcium buffering capacity is an important determinant of neuronal morphology. Significance: Nuclear calcium buffers represent a new target for modulating gene expression and neuronal structure.
participate in intracellular calcium signaling by modulating basal calcium levels and fine-tuning signal-regulated calcium transients (3) . CaBPs can be divided into calcium buffers and calcium sensors, both of which are expressed in various subcellular compartments and allow for the differential regulation of spatially distinct calcium signals and the formation of calcium microdomains with specific functions (3) . For example, in nerve terminals, the CaBP Calbindin-D28K is important for paired pulse facilitation, a short-lasting modification of synaptic transmission efficacy (4) . A second possible role of calcium buffering systems may be in transcriptional regulation, particularly when CaBPs are expressed in the cell nucleus (5, 6) . Nuclear calcium functions as a signal integrator in synapse-tonucleus communication that relays synaptic activity to the induction or repression of gene transcription (7) . The transcription factor cAMP response element-binding protein (CREB) is the prototypical target of the nuclear calcium signaling pathway. However, several other regulators of gene expression participate in the mounting of a nuclear calcium-induced genomic response, including CREB-binding protein, MeCP2, and class IIa histone deacetylases (7) . In hippocampal and spinal cord neurons, a large number of nuclear calcium-regulated genes have been identified that are a central part of the genomic programs required for the long-term implementation of several neuroadaptations, including memory formation, acquired neuroprotection, and chronic pain (8 -11) . At the cellular level, nuclear calcium signaling controls the structural features of neurons. This is mediated by the nuclear calcium-regulated genes encoding VEGFD and the complement protein C1q-c, which regulate the architecture of dendrites and spine density, respectively (9, 11) . To determine to what extent this regulatory genomic network specifying neuronal morphology is controlled by the calcium buffering system in the cell nucleus, we expressed a nuclearly targeted form of parvalbumin in mouse hippocampal neurons. The results revealed that changes in the nuclear calcium buffering capacity are linked, through a transcription-dependent process, to robust structural alterations in neurons.
Experimental Procedures
Expression Constructs-The following constructs were used in this study: pAAV-hrGFP, pAAV-mC.NLS, pAAV-PV.NLSmC, pAAV-shC1q-c, and pAAV-shUNC. pAAV-hrGFP, pAAV-mC.NLS, pAAV-shC1q-c, and pAAV-shUNC have been characterized previously (9, (11) (12) (13) . For the construction of the nuclearly targeted parvalbumin expression vector, the PV.NLS coding sequence was PCR-amplified from pCMV-PV.NLSdsRed (14) and then subcloned into pAAV-mC to yield an inframe PV.NLS-mC fusion. Nuclearly targeted parvalbumin expression vectors have been described previously (14 -16) .
Virus Production-The method used to construct, package, and purify recombinant adeno-associated viruses (rAAVs) has been described previously (12, 17) . The integrity and purity of viral particles were verified by SDS-PAGE.
Hippocampal Cultures and Treatments-Hippocampal neurons from newborn C57BL/6 mice or Sprague-Dawley rats were isolated and cultured as described previously (18, 19) . DNA transfection was performed after a culturing period of 8 days in vitro (DIV) using Lipofectamine 2000 (Invitrogen) as described previously (20) . Infection of neuronal cultures with rAAVs delivering the different expression constructs was performed on DIV 3-6. Infection rates were determined by analyzing mCherry fluorescence and ranged from 80% to 95% of the neuronal population. Experiments were performed on DIV 10 -13.
Immunocytochemistry-Hippocampal neurons were fixed with 4% paraformaldehyde and 4% sucrose in PBS (pH 7.4) at room temperature for 20 min. For the morphometric analyses, fluorescence images were acquired using a confocal laser-scanning microscope (TCS SP2, Leica, Mannheim, Germany) equipped with an inverted fluorescence microscope (DM IRE2, Leica) and Leica confocal scan software. For analysis of dendrites and spines, all images were obtained with sequential acquisition settings and 1024 ϫ 1024 pixel resolution. Each image was a z-series projection of images taken at 1-m depth intervals for dendrites and 0.5-m depth intervals for spines.
Calcium Imaging-Hippocampal neurons transfected with either pAAV-mC.NLS or pAAV-PV.NLS-mC were loaded for 30 min at 37°C with 1 M Fura-2/AM (Molecular Probes) in CO 2 -independent culture medium (CICM) consisting of 140 mM NaCl, 2.5 mM KCl, 1.0 mM MgCl 2 , 2.0 mM CaCl 2 , 10.0 mM Hepes, 1.0 mM glycine, 35.6 mM D-glucose, and 0.5 mM C 3 H 3 NaO 3 . Neurons were then transferred to fresh warm CICM and allowed to equilibrate for an additional 30 -40 min at 37°C prior to the onset of imaging. Fluorescence was detected using a cooled charge-coupled device camera (iXon, Andor) through a ϫ40 water immersion objective (LUMPlanFl/IR, Olympus) on an upright microscope (BX51W1, Olympus). Transfected cells (1-3 cells in each field of view containing Ͼ15 cells) were identified by the presence of a strongly red fluorescent nucleus (excitation, 570 Ϯ 10 nm; emission, 620 Ϯ 30 nm; Chroma). Fura-2/AM fluorescence (510 Ϯ 40 nm, Chroma) was excited using alternating 340-nm (ET340x, Chroma) and 380-nm (ET380x, Chroma) light provided by a xenon arc lamp with an excitation filter wheel (cellR, Olympus) and imaged at 2 Hz. Data were collected using proprietary software (cellR, Olympus) and analyzed using ImageJ and IgorPro (Wavemetrics, Lake Oswego, OR).
For imaging, cells on coverslips were transferred to an imaging chamber containing room-temperature CICM, and the GABA A receptor antagonist gabazine (100 M), was applied to induce action potential bursting and associated intracellular calcium rises. The fluorescence ratio r ϭ F 340 /F 380 of Fura-2/AM was converted to [Ca 2ϩ ]/K d using the following formula: (Fig. 1, C and D) , and the boundaries of nuclei lying within the plane of focus could be easily discerned in images of R (data not shown). This feature enabled us to draw, with confidence, regions of interest for the analysis of nuclear and non-nuclear somatic calcium responses (Fig. 1, C and 1D ). Data points represent means calculated from control and mC.NLS-or PV.NLS-mC-positive cells from a single coverslip. 17-18 coverslips from three independent preparations were analyzed.
Morphometric Analyses-For morphometric analyses, neurons were analyzed 5 days after transfection. Total dendritic length and complexity were calculated using Fiji (22) . Briefly, a z-stack acquisition was imported, calibrated, and traced manually using the simple neurite tracer plugin (23). Total dendritic length was then computed. For three-dimensional Sholl analysis (24), the shell interval was set to 5 m using a plugin available for Fiji. Dendritic spine density, spine width, and spine length were computed manually using Fiji. All analyses were performed blind. For each condition, a minimum of 12 neurons and between 770 -2300 spines from at least three independent preparations were analyzed.
Quantitative RT-PCR-Total RNA was extracted from primary hippocampal cultures on DIV 10 using the RNeasy mini kit (Qiagen, Hilden, Germany) with additional on-column DNase I digestion to eliminate genomic DNA contamination according to the instruction of the manufacturer (Qiagen). 1.2 g of extracted RNA was reverse-transcribed into first-strand cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). Quantitative RT-PCR was performed with a sequence detection system model 7300 realtime PCR system using TaqMan Gene Expression Master Mix (Applied Biosystems) and carboxy-fluorescein (FAM) dye-labeled probe sets designed by Applied Biosystems. The expression levels of target genes were normalized to the expression of Gusb.
Quantification of PV.NLS-mC Expression-Hippocampal neurons infected on DIV 3 with rAAV-PV.NLS-mC were lysed on DIV 10 in boiling SDS sample buffer (160 mM Tris-HCl (pH 6.8), 4% SDS, 30% glycerol, 10 mM dithiothreitol, and 0.02% bromophenol blue). Serially diluted total cell lysates from rAAV-PV.NLS-mC-infected hippocampal neurons and from uninfected control neurons were separated by electrophoresis on 15% SDS-polyacrylamide gels with defined amounts (500, 250, 125, 62.5, and 31.25 ng) of recombinant rat parvalbumin protein (Swant). Proteins were transferred onto a 0.2-m pore size nitrocellulose membrane (Invitrogen). The lack of staining of the gels with Coomassie Blue confirmed that the transfer of the proteins to the membrane was complete. Membranes were subjected to standard immunoblotting techniques using commercially available antibodies to parvalbumin (Sigma) and HRP-linked secondary antibodies (Dianova), followed by chemiluminescent detection (GE Healthcare Life Sciences). To exclude the possibility of a loss of low molecular weight proteins because of blotting through the 0.2-m pore membrane, an additional 0.45-m pore size membrane was placed behind the 0.2-m pore membrane. However, under the conditions used for the transfer of the proteins to the membrane and their visualization using immunoblotting, the recombinant parvalbumin and the parvalbumin contained in the lysates were present only on the 0.2-m pore membrane and were not detectable on the second membrane. X-ray films exposed to the chemiluminescence reaction were scanned, and each band was quantified using the gel analyzer tool of ImageJ. Signals were thresholded to fit a linear range by analyzing a series of x-ray films obtained using increasing exposure times. To calculate the amount of PV.NLS-mC present in the neurons, signals derived from the lysates were compared with signals derived from samples containing known amounts of recombinant PV. The amount of PV.NLS-mC present in the lysates was divided by the number of rAAV-PV.NLS-mC-infected neurons corresponding to the amount of lysate. This yielded the protein amount in femtograms per neuron, which equals the protein amount in femtograms per nucleus given that the expression of PV.NLS-mC is restricted to the nucleus. For the conversion from femtograms to moles, we used 42.4 kDa as the molecular mass for PV.NLS-mC. Five independent biological replicates and two independent batches of recombinant PV were used for this analysis, which revealed that, under the conditions used, 3.26 Ϯ 0.4 fmol of PV.NLS-mC are present in a single nucleus from a mouse hippocampal neuron. To express the amount of PV.NLS-mC in the cell nucleus in molarity, we divided 3.26 Ϯ 0.4 fmol by the volume of the nucleus. In a previous study, we quantified three-dimensional image-reconstructed nuclei of cultured rat hippocampal neurons and found that these have an average volume of about 120 fl (25) . In a direct comparison, we observed that nuclei of cultured mouse hippocampal neurons were about 50% the size of nuclei of cultured rat hippocampal neurons. 3 We therefore used 60 fl to calculate the molarity of nuclear PV.NLS-mC, which amounted to 54 mM. We realize that the aqueous component of the cell nucleus is smaller than the total volume of the nucleus because of the presence of other structures in the nucleus, such as chromatin and components of the transcription and splicing machineries. Therefore, the value obtained for the molarity of nuclear PV.NLS-mC may be an underestimation. However, the error introduced by calculating with a nuclear volume of 60 fl may be counterbalanced by a possible underestimation of the true size of nuclei because fixation procedures used to process cells for the analysis of the size of the nucleus may lead to shrinkage of the nucleus (26) .
Antibodies-The following antibodies were used: mouse monoclonal antibodies to parvalbumin and tubulin (Sigma), rabbit polyclonal antibody to cFos (Santa Cruz), mouse monoclonal antibody to phospho-CREB (Upstate-Millipore), rabbit polyclonal antibodies to CREB and ERK1/2 and mouse monoclonal antibody to phospho-ERK1/2 (Cell Signaling Technology), and rabbit polyclonal antibodies to DsRed (Clontech).
Data Analysis-All plotted data represent mean Ϯ S.E. Oneway analysis of variance (ANOVA) with Tukey's post hoc test was used for statistical analyses. Results were considered to be statistically significant for significance levels of p Ͻ 0.05 (*) or p Ͻ 0.01 (**).
Results

Modulation of the Neuronal Nuclear Calcium Buffering
Capacity-To investigate the importance of calcium buffers in the cell nucleus for intracellular signal transduction, gene regulation, and neuronal morphology, we increased the nuclear calcium buffering capacity in primary mouse hippocampal neurons by overexpressing a nuclearly targeted version of parvalbumin fused to mCherry (PV.NLS-mC) (14, 15, 27) or, as a control, nuclearly localized mCherry (mC.NLS) using recombinant rAAVs (Fig. 1A) . Following infection with rAAV-mC.NLS or rAAV-PV.NLS-mC, expression of mC-NLS or PV.NLS-mC was readily detectable in 80 -95% of viable neurons via mCherry fluorescence (Fig. 1A) . Using lysates from rAAV-PV.NLS-mC-infected neurons and purified parvalbumin as a standard for the calibration of signals in immunoblot analyses, we first determined the amount of PV.NLS-mC in the nucleus. A detailed description of the quantification of PV.NLS-mC expression can be found in the "Experimental Procedures," and a typical example of the immunoblots is shown in Fig. 1B . Our analysis revealed a concentration of about 54 mM PV.NLS-mC in the nucleus of primary mouse hippocampal neurons infected with rAAV-PV.NLS-mC. Reports in the literature on precise measurements of intracellular concentrations of CaBPs are rare, and, to the best of our knowledge, no precise information is available on the nuclear calcium buffering capacity. Therefore, it is difficult to make statements about the -fold increase in nuclear calcium buffering capacity achieved using this method. However, a comparison of our results with available data on the expression of parvalbumin (1 mM or more in axons and axon terminals of Purkinje and basket cells (28) and up to 3 mM in outer hair cells (29) ) suggests that, using our expression system, the protein-based calcium buffering capacity of the cell nucleus is likely to be increased by at least 1 order of magnitude.
Selective Alteration of Nuclear Calcium Signals by PV.NLS-mC-To determine how overexpressed nuclear parvalbumin influences the amplitude and kinetics of calcium rises triggered by neuronal activity, we performed calcium imaging of primary rat hippocampal neurons transfected with pAAV-PV.NLS-mC or pAAV-mC.NLS. Using the ratiometric chemical calcium indicator Fura-2/AM, we quantified baseline calcium levels, peak calcium responses during bursts of action poten-tials induced by treatment of the cultures with the GABA A receptor blocker gabazine (30) , and the rate at which calcium responses decayed over time (Fig. 1, C and D) . No differences in baseline calcium levels were observed. However, consistent with our expectations and with findings published previously (14, 15), we found that peak calcium responses in nuclear but not non-nuclear somatic (cytoplasmic) regions of interest were lower in PV.NLS-mC-transfected cells than in neighboring untransfected cells and that the decay of nuclear but not cytoplasmic calcium transients was slower in PV.NLS-mC-transfected cells than in untransfected control cells. These effects cannot be attributed to the overexpression of an exogenous nuclear protein because no such differences were observed for mC.NLS-transfected cells. Our imaging results therefore confirm that PV.NLS-mC effectively buffers neuronal activity-associated nuclear calcium responses in hippocampal neurons, both decreasing their amplitude and slowing their decay. Moreover, our observation that neither the amplitude nor the kinetics of cytoplasmic calcium responses from the same group of neurons were altered suggest that extranuclear calcium-dependent signaling cascades (i.e. phosphorylation of ERK1/2) should be intact in neurons expressing PV.NLS-mC.
Nuclear Calcium Buffering Capacity and Neuronal Morphology-We next investigated the morphology of hippocampal neurons expressing PV.NLS-mC. The structure of neurons was visualized by expressing a humanized Renilla reniformis GFP (hrGFP) alongside PV.NLS-mC or, as a control, mC.NLS ( Fig. 2A) . A morphometric assessment of transfected neurons using Sholl analysis (9) revealed that, compared with controls, neurons expressing PV.NLS-mC showed a significant decrease in both the total length and complexity of their dendritic trees (Fig. 2, B and C) . This alteration in the geometry of dendrites of PV.NLS-mC-expressing hippocampal neurons was accompanied by a significant decrease in the density of dendritic spines (Fig. 2, D and E) . Moreover, the remaining spines of PV.NLS-mC-expressing neurons were considerably shorter and thinner than those of control neurons (Fig. 2, F-I) . These results indicate that nuclear calcium buffering capacity is functionally linked to the regulation of important structural features of hippocampal pyramidal neurons.
As an underlying mechanism, we considered the possibility that PV.NLS-mC causes changes in the expression of neuronal morphology-regulating genes by interfering with transcription-relevant calcium signaling pathways. Indeed, in PV.NLSmC-expressing hippocampal neurons, induction of the calcium-regulated gene Npas4 (induced by action potential bursting following treatment of the cultures with the GABA A receptor blocker bicuculline (8)) was impaired (Fig. 3A) . We also investigated the effect of nuclear calcium buffers on calcium-dependent signaling to the transcription factor CREB. We found that hippocampal neurons expressing PV.NLS-mC fail to undergo an increase in CREB phosphorylation on its activator site, serine 133, at an early time point (5 min) after bicuculline treatment (Fig. 3, B and C) . At later time points (i.e. 15 and 60 min), however, we did observe a bicuculline-induced increase in CREB phosphorylation on serine 133 (Fig. 3, B and  C) . This is expected because bicuculline treatment leads to periodically occurring bursts of action potentials, each of which generates a robust calcium transient that invades the cell nucleus (31, 32) , leading to saturation of the nuclear calcium buffering capacity. Consistent with saturation of nuclear calcium buffering, we observed that the increase in c-Fos levels detected 60 min after bicuculline treatment was unaffected by the expression of PV.NLS-mC (Fig. 3, B and C) . We also analyzed the regulation (i.e. phosphorylation) of ERK1/2, which is activated in synaptically stimulated neurons via a Ras-dependent process that is initiated by submembraneous calcium signals and operates independently of nuclear calcium (31) . As expected, the activation of ERK1/2 following bicuculline treatment was not impaired by the expression of PV.NLS-mC (Fig. 3, B and C) .
PV.NLS Influences the Transcription of Genes Important for Neuronal
Morphology-Given that the observed changes in neuronal structure take place under conditions of basal synaptic activity, we next investigated the expression of morphologyrelevant genes that are controlled, under basal conditions, by a nuclear calcium signaling pathway. We focused on two nuclear calcium signaling targets, VEGFD and the complement factor C1q-c, that can function as regulators of neuronal structure (9, 11) . In the mouse hippocampus, VEGFD is critical for dendritic tree maintenance and is required for the ability of mice to form long-term memories (9) . The complement factor C1q-c, an initiator of the complement cascade, functions as a synapse pruning factor in spinal cord and hippocampal neurons (11, (33) (34) (35) . To investigate whether, under basal conditions, the nuclear calcium buffering capacity affects the expression of VEGFD or C1q-c, primary hippocampal neurons were infected with rAAV-PV.NLS-mC or rAAV-mC.NLS (Figs. 1A and 4) . Quantitative RT-PCR analysis revealed that, indeed, PV.NLS-mC expression caused alterations in the mRNA levels of both VEGFD and C1q-c. Compared with rAAV-mC.NLS-infected controls, rAAV-PV.NLS-mC-infected neurons had significantly lower levels of VEGFD mRNA (Fig. 4) . In contrast, and consistent with previous observations that C1q-c expression is suppressed by nuclear calcium signals, the mRNA levels of C1q-c in hippocampal neurons expressing PV.NLS-mC were increased compared with controls (Fig. 4) . The basal expression levels of two other synaptic activity-regulated genes that were analyzed in parallel, c-fos and bdnf, were found to be unaltered by the expression of PV.NLS-mC (Fig. 4) .
PV.NLS Regulates Neuronal Morphology via the Modulation of VEGFD and C1q-c-To investigate a possible causal link
between the altered expression levels of VEGFD and C1q-c and the observed structural changes of neurons, we carried out rescue experiments. We first determined whether the observed decrease in expression levels of VEGFD in PV.NLS-mC-expressing neurons is responsible for the observed changes in dendrite geometry by exposing hippocampal neurons expressing PV.NLS-mC to recombinant VEGFD (rVEGFD) (Fig. 5A) . A morphometric assessment of these neurons revealed that rVEGFD treatment had no detectable effect on the morphology of control neurons expressing mC.NLS, which is consistent with a previous study (9) . However, rVEGFD rescued the reduction in dendritic length and complexity caused by the expression of PV.NLS-mC (Fig. 5, B and C) . These results indicate that the nuclear calcium buffering capacity can modulate dendritic length and complexity through the regulation of VEGFD expression levels.
We finally investigated whether the observed increased expression of C1q-c is responsible for the observed spine phenotype of PV.NLS-mC-expressing neurons via loss-of-function experiments using RNAi. Mouse hippocampal neurons were transfected with expression vectors for mC.NLS or PV.NLS-mC alongside previously characterized expression vectors for a C1q-c-specific shRNA (shC1q-c) or a control shRNA (shUNC, Fig. 6A) (11) . The RNAi constructs also contained an expression cassette for enhanced GFP to visualize the neuronal architecture. We found that the difference in spine density in mC.NLS-versus PV.NLSmC-expressing neurons observed in the control group expressing shUNC was lost in neurons transfected with expression vectors for shC1q-c (Fig. 6B) . Within the groups of PV.NLS-mC-expressing neurons, the spine density of shC1q-c-expressing neu-rons was higher than that of the neurons expressing shUNC, although this difference did not reach statistical significance (p ϭ 0.16, Fig. 6B ). Therefore, knockdown of C1q-c can partially restore the decrease in spine density induced by increasing nuclear calcium buffering. We obtained full rescue of the PV.NLS-mC-induced spine morphology phenotype in the C1q-c loss-of-function experiments. Both the length and width of spines of hippocampal neurons expressing PV.NLS-mC were restored to control levels through transfection with the shC1q-c expression vector (Fig. 6, 
C-F).
These results indicate that the observed alterations in the density and morphology of dendritic spines caused by increases in nuclear calcium buffering are mediated, at least in part, by a concomitant up-regulation of C1q-c.
Discussion
In this study, we established a functional link between the calcium buffering capacity of the cell nucleus, the expression of neuronal morphology-relevant genes, and structural alterations of dendrites and spines. limited information is available regarding their relevance for physiological processes. The discovery that calcium buffering in the cell nucleus is an important determinant of neuronal architecture may at first seem surprising. However, it does fit into the general concept according to which nuclear calcium signaling serves as a key regulator of various brain functions (7) . Given that nuclear calcium signaling not only regulates genes that specify neuronal structure, one might expect that the calcium buffering capacity of the nucleus also modulates other cellular processes or network functions. These may include, in particular, neuronal survival, memory formation, and the development of chronic pain, for all of which nuclear calciumregulated gene programs have been identified (8 -12, 39) .
Important mediators of nuclear calcium-regulated genomic responses include the nuclear calcium/calmodulin-dependent enzymes calcium/calmodulin-dependent kinase II (CaMKII) and calcium/calmodulin-dependent kinase IV (CaMKIV), which control the activity of several transcriptional regulators, including CREB, CREB-binding protein, and MeCP2 (7, 40, 41) . Our experiments uncovered that the levels of calcium buffering in the nucleus, which have a direct influence on the amplitude and kinetics of neuronal activity-induced nuclear calcium rises, can also influence the kinetics of CREB activation following synaptic activity so that high levels of nuclear calcium buffering eliminate the fast component (Fig. 3, B and C) . In a previous study, we could also show that nuclear calcium buffering affects the nucleocytoplasmic shuttling of class IIa histone deacetylases (13) , key players in the epigenetic control of gene expression (42, 43) . Nuclear calcium buffering is also likely to alter the activity of the downstream regulatory element (DRE)-binding protein, DREAM (also known as calsenilin or KChIP3 (44)), a multifunctional protein with several EF-hand calcium binding domains that can function as a calcium-regulated transcriptional repressor (5, 45) . Therefore, the consequences of changes in the nuclear calcium buffering capacity are diverse and widespread and, collectively, are expected to have an impact on the FIGURE 6. PV.NLS expression affects dendritic spine density and size via C1q-c expression. A, representative micrographs of enhanced GFP-labeled dendritic spines on hippocampal neurons cotransfected with pAAV-shC1q-c or pAAV-shUNC and pAAV-mC.NLS or pAAV-PV.NLS-mC. Scale bar ϭ 5 m. B, quantification of the dendritic spine density of neurons transfected as in A. Statistically significant differences were determined by one-way ANOVA followed by Tukey's post hoc test. mC.NLS ϩ shUNC, PV.NLS-mC ϩ shUNC, p ϭ 0.009762; mC.NLS ϩ shUNC, PV.NLS-mC ϩ shC1q-c, p ϭ 0.4084; mC.NLS ϩ shC1q-c, PV.NLS-mC ϩ shUNC, p ϭ 0.0006115; PV.NLS-mC ϩ shUNC, PV.NLS-mC ϩ shC1q-c, p ϭ 0.15762. ns, not significant. C and E, cumulative frequency plots of spine length and width in neurons transfected with the indicated constructs. D and F, average spine lengths and widths from neurons transfected as indicated. Statistically significant differences were determined by one-way ANOVA followed by Tukey's post hoc test. Spine length: mC.NLS ϩ shUNC, PV.NLS-mC ϩ shUNC, p ϭ 0.0006208; mC.NLS ϩ shC1q-c, PV.NLS-mC ϩ shUNC, p ϭ 0.001089; PV.NLS-mC ϩ shUNC, PV.NLS-mC ϩ shC1q-c, p ϭ 0.01785. Spine width: mC.NLS ϩ shUNC, PV.NLS-mC ϩ shUNC, p ϭ 0.005149; mC.NLS ϩ shC1q-c, PV.NLS-mC ϩ shUNC, p ϭ 0.5191; PV.NLS-mC ϩ shUNC, PV.NLS-mC ϩ shC1q-c, p ϭ 0.02638. More than 770 spines and 12 neurons from a minimum of three independent preparations were examined for each construct. *, p Ͻ 0.05; **, p Ͻ 0.01. rate of transcription of numerous genes. In this study, we describe the regulation of two morphology-relevant genes, VEGFD and C1q-c, by nuclear calcium buffering. An unbiased transcriptome analysis is likely to uncover many more genes.
Nuclear Calcium Buffering and Disease-The link between nuclear calcium buffering and neuronal structure may help us understand the etiology of neurological dysfunctions associated with alterations in calcium buffering. For example, in Alzheimer disease and schizophrenia, but also in aging, both structural remodeling of neuronal circuitry (46 -48) and abnormal expression or deregulation of neuronal calcium buffers have been reported (49 -51) . It is unknown, however, whether the observed alterations in the calcium buffer content of affected brain regions result from changes in the expression levels of CaBPs or are, instead, caused by the loss of interneurons, which typically express high levels of certain CaBPs (3). If indeed the level of calcium buffering is altered, then it would be important to determine the precise cellular and spatial distribution of affected calcium buffers and to analyze the expression of nuclear calcium signaling-dependent morphology-relevant target genes, including VEGFD and C1q-c.
Modulation of Nuclear Calcium Buffering as a Therapeutic Strategy-One possible application of our experimental approach may be to use modulators of nuclear calcium buffering to induce structural and functional changes in neurons and networks. Increases in the nuclear buffering capacity of neurons can be generated by the overexpression of nuclearly targeted calcium buffers, which, as reported here, is accompanied by a reduction in the length and complexity of dendritic trees and in the number of dendritic spines. Conceptually, this could be useful for the treatment of autism spectrum disorders in which failures in obligatory spine pruning during development result in an abnormally high number of dendritic spines that inversely correlates with cognitive functions (48) . On the other hand, it may be equally desirable to generate tools that reduce the nuclear calcium buffering capacity because these would be expected to increase the number of large spines and the complexity of dendritic trees. In particular, these types of changes in neuronal geometry may prove to be beneficial in various neurodegenerative conditions associated with spine loss and dendrite atrophy.
Generally, an abnormal dendritic architecture can negatively influence neuronal electrical properties and compromise neuronal signal processing and network computations (52), ultimately resulting in debilitating cognitive deficits (9) . Therefore, neurons may have to adopt the right level of structural complexity and connectivity to fulfill their functions. Disease-or aging-associated aberrations away from an "optimal" neuronal architecture, either too little or too much complexity and connectivity, may lower the level of network performance. Modulators of nuclear calcium buffering offer a means to achieve a rebalancing of structural features to regain or improve brain function. The development of such therapeutic tools would be facilitated greatly by the identification of CaBPs that are expressed endogenously in the neuronal cell nucleus.
Taken together, our results indicate that the calcium buffering capacity of neuronal nuclei is an important determinant of neuronal architecture. The development of tools for increasing or decreasing nuclear calcium buffer expression may represent a valid and novel strategy for the treatment of disease-or agingrelated conditions that are expected to benefit from changes in the morphology of dendrites and spines. 
